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Introduction
Sensory stimulation drives reliable firing of peripheral and subcortical neurons, where every stimulus can trigger a spike in a given cell. In contrast, the response properties of cortical neurons exhibit enormous variability, with some cells firing significantly more than others (Brecht et al. 2003; Ohki et al. 2005; de Kock et al. 2007; Kerr et al. 2007; Hromadka et al. 2008; Poo and Isaacson 2009; Stettler and Axel 2009; Wolfe et al. 2010; Barth and Poulet 2012) . The source of firing variability across different cells has been debated. Response heterogeneity might reflect differences in the intrinsic electrophysiological properties of neurons (Marder and Goaillard 2006; Padmanabhan and Urban 2010) , or arise from differences in synaptic input to a subset of cells (MacLean et al. 2005; Yoshimura et al. 2005) . Alternatively, because the majority of studies have serially sampled neurons over short periods of time, differences in firing output might arise from fluctuations in cortical state or background activity (Arieli et al. 1996; Petersen et al. 2003) or the presence of neuromodulators that transiently influence firing (Metherate et al. 1992; Steriade et al. 1993; Constantinople and Bruno 2011) . Understanding why neocortical neurons show such diverse response properties will require the systematic analysis of specific cells and circuits in this brain area.
In order to identify candidate neurons that might show higher sensory-evoked activity and to determine the mechanistic basis for this difference, we targeted neurons that expressed the green fluorescent protein (GFP) under the control of the activity-dependent gene c-fos for electrophysiological recording (Barth et al. 2004) . C-fos is expressed by ∼15% of layer 2/3 neurons in primary somatosensory cortex under basal, unstimulated conditions (Yassin et al. 2010) . Previous studies have shown that this immediate-early gene (IEG) can be driven by synaptic activity and neural firing (Sheng et al. 1990; Schilling et al. 1991; Luckman et al. 1994; Fields et al. 1997; Schoenenberger et al. 2009 ) but see Guzowski et al. (2006) ; since expression here was activated by the animal's normal experience in vivo, it is not clear what specific stimulus was responsible for fosGFP induction.
Previous studies have shown that basal IEG expression in layer 2/3 neurons is correlated with elevated spontaneous firing activity, both in vivo and in vitro (Yassin et al. 2010) . It might originate from spontaneous cortical activity; alternatively, it might be specifically related to sensory input from the periphery. These two possibilities are not mutually exclusive, as there is a strong overlap between the circuits activated by sensory input and spontaneous activity (Kenet et al. 2003; MacLean et al. 2005; Marre et al. 2009 ).
Here, we test the hypothesis that a subset of layer 2/3 neurons exhibiting IEG expression receives stronger excitatory drive from layer 4, the input layer of the cortex. Pairedcell voltage-clamp recordings showed that fosGFP+ neurons received a 2-fold increase in glutamatergic synaptic strength compared with fosGFP− neurons. This difference in input strength required sensory input to be established but not maintained. Paired-cell current-clamp recordings showed that fosGFP+ neurons fired at reduced layer 4 stimulation intensities compared with neighboring, unlabeled cells. These data show that a subset of layer 2/3 neurons marked by IEG expression may dominate firing output under some stimulation conditions, and that response heterogeneity in the neocortex may be at least partly attributed to the differential wiring of layer 2/3 neurons within the neocortical circuit.
Materials and Methods

Brain Slice Preparation
Brain slices containing primary somatosensory cortex were prepared from unstimulated mice P9-P22 (fosGFP heterozygous or arcGFP heterozygous animals), removed from their home cage where they were group housed. The broad age range was used to examine the developmental regulation of inputs to layer 2/3 neurons; unless indicated, slices were prepared from animals P12-16. Within 10-15 min of removal from their home cage, mice were briefly anaesthetized with isoflurane and decapitated. Coronal brain slices (350 μm thick) containing primary somatosensory cortex were cut in chilled artificial cerebral spinal fluid (ACSF) composed of (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO 4 , 2.5 CaCl 2 , 1 NaH 2 PO 4 , 26 NaHCO 3 , 11 glucose, ∼295 mOsm, equilibrated with 95/5% O 2 /CO 2 . Slices were allowed to recover for 1 h before recording. Recovery and recordings were carried out at room temperature.
Evoked Synaptic Responses
For whole-cell voltage-clamp recordings, internal electrode solution was composed of (in mM): 130 cesium gluconate, 2.8 NaCl, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.5 ethylene glycol tetraacetic acid, 5 tetraethyl ammonium chloride, 4 Mg-ATP, 0.4 Na-GTP, pH 7.2-7.3, ∼290 mOsm. Layer 2/3 fosGFP+ and fosGFP− neurons in the center of the barrel column were identified on the basis of their intrinsic GFP expression and subsequently targeted for wholecell recording. Upon achieving the whole-cell configuration in a pair of neurons, responses were evoked by extracellular stimulation in layer 4 at a frequency of 0.1 Hz. Note that use of the term "pair" does not indicate that the 2 neurons that were simultaneously recorded were synaptically connected. A glass monopolar stimulating electrode (tip diameter ∼50 μm) filled with ACSF was placed in the center of a layer 4 barrel just below the site of layer 2/3 recording. Neurons for dual-cell recordings were located within the same barrel column. To remove the possibility of prolonged stimulation altering experimental outcomes via plasticity induction, the stimulus electrode was moved to a new barrel column, or to a new slice after successfully recording from a pair of neurons.
To isolate excitatory post-synaptic currents (EPSCs), neurons were maintained at −70 mV and responses were collected in the presence of the gamma-aminobutyric acid-receptor antagonist picrotoxin (50 μM). Layer 4 stimulation intensity was gradually increased until a short-latency (3-6 ms) EPSC was observed in both neurons. Instances in which one or both of the neurons failed to respond were not included in analysis, and subsequently another pair was attempted. For most pairs in which reliable responses could be evoked, EPSCs were then collected at multiple stimulation intensities in order to sample a range of response amplitudes typically ranging between 20 and 200 pA. Ten to 20 stimulation trials were collected at each intensity and used for analysis. To directly compare EPSCs recorded in different pairs and from different slice preparations, we analyzed evoked responses from trials taken at the minimum stimulation intensity capable of generating a reliable response >20 pA and <175 pA in both neurons.
Paired-pulse ratios (PPRs) of EPSC amplitudes were calculated using 2 stimulus pulses separated by 50 ms, where the amplitude of the second pulse was divided by that of the first. PPRs were determined from both paired and single-cell recordings. Typically one 50 ms paired-pulse interval was tested (with only two stimuli), and the response was averaged over a small number of trials (∼10 per cell). A short (500 ms) test pulse at the beginning of each trial was used to monitor series and input resistances throughout the recording and only cells with a stable input resistance > 100 MΩ and series resistance < 50 MΩ were included for analysis.
Sr-Excitatory Post-synaptic Currents Collection and Analysis
To isolate quantal 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid receptor-mediated EPSCs, (2R)-amino-5-phosphonovaleric acid; (2R)-amino-5-phosphonopentanoate (D-APV) (50 μM) and picrotoxin (50 μM) were included in the bath solution that contained ACSF with 1 mM MgSO 4 and 3 mM Sr 2+ instead of Ca 2+ in order to drive asynchronous glutamate release. Neurons were voltage-clamped at −70 mV and 5 mM QX-314 (lidocaine N-ethyl bromide) a Na+ channel antagonist, was included in the internal solution to reduce noise. The evoked response has an initial synchronous component (∼50 ms after the stimulus artifact) that was excluded in the analysis. Isolated, asynchronous events that occurred from 50 to 500 ms after the stimulus were manually selected and analyzed using Minianalysis software (Synaptosoft). Event threshold was set at 2× root mean square noise (usually about 4-5 pA), and data were low-pass filtered at 1 kHz. Recordings for Sr-EPSCs were conducted using single-cell (not dual-cell) recordings. Approximately 100 random events were selected for each cell and grouped for comparison. Traces for each cell were first averaged, and then these traces were averaged across cells in a group to yield a group mean.
Juxta-Cellular and Whole-Cell Current Clamp Recordings For juxta-cellular and whole-cell recordings, the internal solution contained in mM: K-gluconate 100, KCl 20, HEPES 10, Mg-ATP 4, Na-GTP 3, pH 7.4, 280-290 mOsm. For juxta-cellular recordings, cell soma with a pyramidal morphology were targeted. In whole-cell recordings, pyramidal morphology and the presence of dendritic spines were confirmed upon filling with the dye Alexa-568.
Evoked Firing
No drugs were included in the bath solution unless indicated in the text. For each pair, stimulus intensity applied to layer 4 was adjusted to sample a range of spiking response probabilities (typically 5-8 intensities per pair), such that a response probability of 1 was observed in at least one of the neurons ( preferably in both neurons). Ten to 20 trials at 0.1 Hz were collected at each stimulus intensity. Spike times between 3 and 30 ms post-stimulus were identified using a customwritten Igor macro to detect AP peak. Spikes at shorter latencies than 3 ms resulted from antidromic stimulation of layer 3 neurons, and were not included in analysis. Typically, evoked spikes did not occur after the first 15 ms post-stimulus and little recurrent activity was observed. Stimulus-response curves of response probability were generated for each pair, calculated as the fraction of trials at each stimulus intensity where a spike was evoked. To analyze spike latency and precision from different recordings, these measurements were taken from the lowest stimulation intensity that generated the most reliable response (typically 100% or a short latency spike for all trials) in at least one of the recorded neurons. Stimulus intensity at 50% of firing probability was determined by applying Boltzmann fit to the response probability curve (Origin software).
Evoked Inhibitory Post-synaptic Currents
To record layer 4-evoked IPSCs, neurons were voltage-clamped at +10 mV. Monosynaptic IPSCs were evoked by layer 4 stimulation in the presence of D-APV (50 μM) and 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f ]quinoxaline-2,3-dione (NBQX) (5 μM). For both monoand polysynaptic IPSCs, amplitude values for a given pair were included in the dataset if they fell within the range 25-300 pA. Response latencies for polysynaptic IPSCs were more variable than for EPSCs, and also changed sharply with stimulus intensity, likely due to the scattered distribution of inhibitory neurons in the vicinity of the recording electrode. Ten to 20 stimulation trials were averaged at multiple stimulus intensities for each recorded pair of neurons.
Statistical Analysis
For paired recordings, comparisons between GFP+ and GFP− neurons (in fosGFP or arcGFP transgenic mice) were performed using paired t-tests. For datasets comprised of single-cell recordings, GFP+ and GFP− neurons were compared using the non-parametric MannWhitney U test (unpaired). All data are displayed as mean ± standard error of the mean (SEM) unless indicated.
Results
Difference in Excitatory Synaptic Drive Onto fosGFP+ and fosGFP− Neurons
To test whether neurons exhibiting elevated spontaneous activity received stronger excitatory drive from layer 4 stimulation, acute brain slices were prepared from unstimulated fosGFP transgenic mice in 2-3-week-old animals. Under these conditions, ∼15% of layer 2/3 neurons exhibit fosimmunoreactivity or express the fosGFP transgene (Yassin et al. 2010) . Since transgene expression is not induced by brain slice preparation (Barth et al. 2004 ), GFP fluorescence serves as a reporter of prior events that occurred in vivo.
An extracellular stimulating electrode was placed in layer 4, and pairs of fosGFP+ and fosGFP− neurons were targeted for dual whole-cell recordings in lower layer 2/3 ( Fig. 1A and Supplementary Figure S1 ; fosGFP+ 292 ± 7 μm vs fosGFP− 286 ± 9 μm from pial surface, n = 17). Pharmacologically isolated, short-latency (∼3-6 ms; see also Supplementary Fig. S1 ) EPSCs were recorded following layer 4 stimulation, and the amplitude of these responses was compared across trials and multiple stimulus intensities for fosGFP+ and fosGFP− pairs ( Fig. 1B-C) . For EPSC measurements, dual-cell recordings were critical, since small differences in the angle of the acute brain slice or the health of the tissue could result in large slice-to-slice variation in response amplitudes and make small differences difficult to detect. However, these potential confounds are eliminated when all comparisons are done between simultaneously recorded cells.
We observed that fosGFP+ neurons showed EPSCs that were significantly larger both within a trial and on average compared with simultaneously recorded fosGFP− cells ( Fig. 1D,F ; fosGFP+ 64.5 ± 10.6 pA vs fosGFP− 36.5 ± 4.2 pA, n = 17, P < 0.05). This was the case across multiple stimulation intensities for each pair ( Supplementary Fig. S2 ). Other recording parameters, such as series resistance and onset latency were comparable between cell types, although input resistance was higher in fosGFP+ neurons at this age (Supplementary Fig. S1 ).
These findings were also observed in another transgenic reporter of neural activity. ArcGFP animals are BAC transgenic mice that carry GFP knocked-in to the endogenous arc locus (generated through the GENSAT project; http://www.gensat. org/index.html), and GFP expression is thought to mirror expression of the endogenous arc gene. Importantly, GFP expression in this transgenic line is not localized to the nucleus, reducing concerns about a potential effect of the fosGFP transgene. Dual-cell recordings from animals aged P12-16 indicate that arcGFP+ cells have an approximately 2-fold larger EPSC compared with arcGFP− cells ( Fig. 1E,F ; arcGFP+ 68.3 ± 12.6 pA vs 38.3 ± 4.9 pA, n = 6, P < 0.05). In this smaller dataset, we noted that input resistance was lower in arcGFP+ cells, suggesting that differences in this property are not sufficient to explain larger EPSC amplitudes across both types of IEG transgenics.
Taken together, the difference in input strength cannot be attributed to a specific property of the transgenic line used or expression of the fluorescent reporter in the post-synaptic cell. Rather, these data indicate that expression of activitydependent IEGs is associated with strong synaptic drive from layer 4 stimulation during postnatal development.
Input Number, not Input Amplitude, is Larger for fosGFP+ Neurons Stronger excitatory drive to layer 2/3 neurons might arise from an increased number of inputs, an increased probability of release at presynaptic contacts onto fosGFP+ neurons, a stronger post-synaptic response, or some combination of these factors. Answers to these questions would, in turn, help elucidate the mechanisms that underlie the establishment of these highly active subnetworks-specifically, whether these differences arise during normal development or are assembled via activity-dependent plasticity mechanisms.
To examine whether the quantal amplitude, or the size of the post-synaptic response to a single vesicle release event, was different between the two groups of cells, we used an extracellular solution where Ca 2+ had been replaced with Sr 2+ to promote asynchronous vesicle release (Goda and Stevens 1994; Xu-Friedman and Regehr 1999; Thomas et al. 2001) . This method allows analysis of a pathway-specific postsynaptic response for individual contacts onto a given cell, a function that should be consistent across preparations. Accordingly, paired-cell recordings were not required for these measurements. Mean Sr-EPSC amplitude is determined from the average of 50-100 or more individual events. Because previous studies from our laboratory have demonstrated that altered sensory experience can potentiate Sr-EPSC amplitude by 15-20% (Clem and Barth 2006; Clem et al. 2008; Wen and Barth 2011) , we were confident that this method is sensitive enough to detect small changes in input amplitude if they are present. These recordings revealed that the mean amplitude of the Sr-EPSC, averaged over ∼100 events per cell, for layer 2/3 fosGFP+ neurons was not significantly different than nearby fosGFP− neurons ( Fig. 2A-C ; fosGFP+ 10.10 ± 0.42 pA, n = 17 vs fosGFP− 10.98 ± 0.61 pA, n = 14).
Differences in the amplitude of the multiquantal EPSC response could result from an increased presynaptic release probability of layer 4 inputs onto fosGFP+ neurons; however, analysis of the PPR did not support this interpretation. The PPR was facilitating for layer 2/3 neurons at this developmental stage, and was similar for the two cell populations ( Fig. 2D-E ; PPR fosGFP+ 1.37 ± 0.08, n = 11 vs PPR fosGFP− 1.51 ± 0.17, n = 12). Thus, increased probability of release for layer 4 inputs onto fosGFP+ neurons is not an adequate explanation for the stronger excitatory input observed in these cells. Although decreased release probability has been associated with recent synaptic depression at the layer 4 to layer 2/3 synapse (Bender et al. 2006) , these results suggest that excitatory drive onto fosGFP− cells is unlikely to have been reduced by some previously characterized plasticity mechanisms. Because the multiquantal response is larger but the single quantal response is the same, we conclude that fosGFP + neurons receive more inputs from layer 4 neurons versus neighboring fosGFP− cells.
Consistent with this, analysis of EPSC amplitudes taken from the lowest stimulation intensities sampled showed that fosGFP− neurons showed an increased failure rate at low intensities (Supplementary Fig. S3 ; failure rate for paired recordings: fosGFP+ 0.25 ± 0.1 vs fosGFP− 0.72 ± 0.1, n = 6, P < 0.05). Taken together, these data suggest that fosGFP+ neurons receive a larger number of ascending inputs via layer 4 compared with fosGFP− cells.
FosGFP+ Neurons Capture More Inputs During the Early Postnatal Period
Is this asymmetry in wiring established during early postnatal development? To determine whether fosGFP+ neurons show larger excitatory drive from layer 4 stimulation even at early stages of neocortical development, the amplitude of responses between fosGFP+ and fosGFP− cells was analyzed at P9-11, when the connection between layer 4 and layer 2/3 is first being established (Stern et al. 2001; Bender et al. 2003; Bureau et al. 2004) . Although fosGFP expression was lower at this age, we were still able to find and record from pairs of fosGFP+ and fosGFP− cells (Fig. 3A) . Layer 4-evoked EPSC amplitudes were not significantly different between the two populations of cells at this age ( Fig. 3B,C ; fosGFP+ 61.2 ± 6.9 pA vs fosGFP− 58.0 ± 7.4 pA, n = 14), indicating that IEG expression is not linked to input strength during early cortical development.
By P12, fosGFP+ neurons showed larger input strength (Fig. 3D-F, replotted from Fig. 1 ). Paired-cell recordings from older animals showed that this difference was diminished, on average, by the end of the third postnatal week ( Fig. 3G-I ; P18-22 fosGFP+ 57.2 ± 9.7 pA vs fosGFP− 50.2 ± 8.3 pA, n = 9), although EPSC amplitude was larger in fosGFP+ neurons in 7/9 cell pairs.
Asymmetric Wiring Requires Sensory Input to be Established but not Maintained
What events trigger and maintain the increased excitatory drive to this subset of layer 2/3 neurons? Is sensory input from the periphery required for fosGFP expression and the asymmetric wiring of layer 2/3 neurons? To test this, animals were deprived of whisker input beginning at P10 or P11 (Fig. 4A) , and the difference in synaptic strength was compared between fosGFP+ and fosGFP− cells 24 h later. Notably, although sensory deprivation did not eliminate fosGFP expression in layer 2/3 neurons (Yassin et al. 2010 ), lack of whisker input for just one day during this critical time window was sufficient to abolish the difference in mean input strength between these two groups of cells ( Fig. 4B,D ; fosGFP+ 50.47 ± 8.8 pA vs fosGFP− 55.80 ± 8.5 pA, n = 14). In contrast, 24-h whisker deprivations that began later, in animals older than P12, had no effect on the 2-fold difference in evoked EPSC amplitude between these two cell groups ( Fig. 4C-D ; fosGFP+ 67.36 ± 6.8 pA vs fosGFP− 24.84 ± 0.8 pA, n = 5, P < 0.05). Therefore, sensory input is necessary to establish the stronger excitatory drive to fosGFP+ neurons from P9 to 11, but is not required for the maintenance of this difference in excitatory drive to layer 2/3 neurons.
FosGFP+ Neurons Fire at Lower Stimulus Thresholds Compared with fosGFP− Neurons
To test whether stronger excitatory drive is associated with lower stimulus intensity firing, dual-cell current-clamp recordings were carried out in fosGFP+ and fosGFP− neurons using an extracellular stimulating electrode in layer 4, where both excitation and inhibition remained intact in the slice (Fig. 5A,  B) . At low stimulus intensities, both fosGFP+ and fosGFP− cells exhibited a post-synaptic potential but no spike. As stimulus intensity was incrementally increased, fosGFP+ neurons began to fire at short latency (10-15 ms after the stimulus) on a fraction of trials, below the stimulus threshold for fosGFP− cells (Fig. 5C) .
Does the reduced excitatory drive to fosGFP− cells mean that they can never fire with afferent stimulation? This was not observed to be the case. Both groups of cells exhibited a steep slope where firing reliability increased abruptly with increasing stimulus strength (Fig. 5C ), until some point where both cells could be triggered to fire on every stimulus trial. Thus, increased stimulus strength can overcome the differences in excitatory drive between fosGFP+ and fosGFP− cells.
These findings were also replicated in paired juxta-cellular recordings ( Fig. 5D; circles) , indicating that differences in whole-cell recording conditions between the two cell types are unlikely to explain these results. Although the absolute value of the stimulus threshold required to generate a spike differed across different slice preparations, dual whole-cell recordings ( Fig. 5D ; triangles) revealed that overall fosGFP+ cells fired at significantly lower stimulus intensities compared with fosGFP− cells ( Fig. 5D ; n = 13 pairs, P < 0.05).
FosGFP+ Neurons Fire at Shorter Latencies
Because stimulus intensity and firing probability should be directly related to the timing of spikes in the post-synaptic cell, we hypothesized that fosGFP+ neurons might fire at shorter latencies than fosGFP− cells. Although stronger layer 4 stimulation intensities could drive both subsets of cell to fire reliably, fosGFP+ neurons fired significantly earlier at all stimulus intensity levels (Fig. 6A) .
In order to compare response timing in pairs recorded from different slice preparations, we analyzed spike latency from stimulation intensities for which at least one cell in the recorded pair was firing on every trial. Here, fosGFP+ neurons responded significantly earlier than fosGFP− neighbors ( Fig. 6B ; fosGFP+ 9.73 ± 0.56 ms vs fosGFP− 12.44 ± 0.79 ms; n = 20; P < 0.001). Spikes in fosGFP+ neurons were also more precise (i.e. showed less trial-to-trial "jitter" of spike times) across multiple trials at a given stimulus intensity 
Reduced Inhibition From Layer 4 Stimulation in fosGFP+ Neurons
Although the difference in excitatory drive between fosGFP+ and fosGFP− neurons was large, this increased excitatory drive might not be the only factor that facilitated lower stimulus-evoked firing. What other mechanisms could underlie this difference in stimulus-evoked firing between fosGFP+ and fosGFP− cells? Previous studies indicate that fosGFP+ neurons are not more excitable than fosGFP− cells, thus intrinsic electrophysiological properties are unlikely to explain the elevated firing output of fosGFP+ neurons (Yassin et al. 2010) .
The strength of direct, monosynaptic inhibition resulting from layer 4 stimulation was evaluated by pharmacologically blocking recurrent excitation using the glutamate receptor antagonists NBQX and D-APV. Stimulus intensity was set so that both cells consistently showed a response (i.e., no failures), and the response amplitude ranged between 25 and 300 pA. These experiments did not reveal a significant difference in the amplitude of layer 4-evoked IPSCs between fosGFP+/− cells (Fig. 7A,B , fosGFP+ 87.77 ± 17.12 pA vs fosGFP− 103.39 ± 18.33 pA, n = 11). There was also no difference in the mean IPSC onset latency for these putatively monosynaptic events (Fig. 7C , fosGFP+ 5.04 ± 0.32 ms vs fosGFP− 4.74 ± 0.31 ms, n = 11). Thus, direct inhibition from layer 4 appears to be equivalent.
In order to examine whether there were differences in polysynaptic inhibition that might also result in spike suppression or delay in fosGFP− cells, IPSCs were electrically isolated by holding layer 2/3 neurons at +10 mV. Stimulus intensity was set so that a putative IPSC could be observed in both cells, where peak amplitude ranged from 25 to 300 pA. Responses typically showed multiple deflections in the fast rising phase of the response, indicative of a polysynaptic input. These dual whole-cell recordings revealed that fosGFP + cells received significantly less polysynaptic inhibition following layer 4 stimulation, compared with fosGFP− neurons (Fig. 7D-F , polysynaptic IPSC peak, fosGFP+ 91.6 ± 15 pA vs fosGFP− 152 ± 26 pA, n = 12 pairs, P < 0.05). Thus, differential inhibition may also contribute to firing output in these two groups of cells.
Discussion
In vivo imaging and recording studies have revealed that when activity is monitored in an unbiased manner, firing is sparsely distributed across populations of neocortical neurons in primary sensory cortex, even in awake animals (Brecht et al. 2003; de Kock et al. 2007; Crochet et al. 2011 ; but see whole-cell recordings; black circles: cell-attached recordings) where the value plotted on the y-axis is the extrapolated stimulus intensity corresponding to a 50% probability of neuronal firing. Asterisk indicates P < 0.05. Vijayan et al. 2010) . The findings presented here indicate that a subset of pyramidal cells can fire at lower thresholds and more reliably than the majority of cells in the layer 2/3 network, and that this firing is due to increased excitatory and reduced inhibitory drive to these cells. These data indicate that short-latency, low-threshold firing in this subset of cells arises not from instantaneous variability in cortical state or noise, nor from the increased intrinsic excitability of fosGFP+ neurons, but rather through a difference in network wiring. The increased density of synaptic inputs through layer 4 to the highly active subnetwork of fosGFP-expressing neurons (Yassin et al. 2010) suggests that neocortical networks possess a hub-like architecture that may facilitate information propagation throughout the column.
Asymmetric Wiring in fosGFP+ and fosGFP− Neurons
How does this asymmetry in wiring arise? At very early developmental ages (P10-11), no difference in the amplitude of excitatory inputs elicited by layer 4 stimulation were observed. This abruptly changes at P12-13, a stage of cortical development where connections between layer 4 and layer 2/3 rapidly mature (Stern et al. 2001; Maravall et al. 2004; Wen and Barth 2011) . This asymmetry requires sensory input to be established, since early whisker deprivation eliminated the difference in excitatory drive to fosGFP+ neurons. However, after this asymmetry arises, it was stable in the face of sensory deprivation, since later deprivation (at P13, for example) did not normalize synaptic strength between the two groups of cells. The maturation of neocortical circuits continues to progress during the third and fourth postnatal week (Feldmeyer et al. 2002; Feldmeyer et al. 2006 ). Dual-cell recordings from older animals indicated a trend for fosGFP+ neurons to show stronger excitatory drive at the close of the third postnatal week as well, though this difference was no longer statistically significant. Future experiments will be required to address the stability of this network in older animals.
Sources of Differential Input to Layer 2/3 Neurons
The extracellular stimulation paradigm employed here did not isolate layer 4 afferents from other inputs, such as thalamocortical or infragranular inputs that ascend to layer 3. Although the most dense source of input to layer 3 comes from spiny stellate cells in layer 4 (Feldmeyer et al. 2002) , other investigators have noted that some thalamic inputs target layer 3 and layer 2 (Meyer et al. 2010) , and that layer 5 shows weak connectivity to layer 3 (Lefort et al. 2009; Oberlaender et al. 2011) . In addition, axons from other cortical areas (i.e., the contralateral hemisphere; Aronoff et al. 2010 ) may ascend through the barrel. Thus, it is possible that the differential synaptic drive observed in these two groups of cells may arise from other sources besides layer 4. Although layer 4 to layer 2/3 connections appear to be present as early as P10 (Bender et al. 2003; Bureau et al. 2004) they undergo substantial refinement in subsequent days (Bender et al. 2003) , and sensory-response properties are not detectable at this time (Stern et al. 2001; Benedetti et al. 2009 ). The developmental regulation of inputs from other cortical layers has not been well studied, but may be relevant in understanding the asymmetry in synaptic drive described here.
It is also possible that different subsets of layer 4 neurons target their projections to layer 3 neurons (for example, Yoshimura et al. 2005) . Although technically challenging, it will be of interest to determine whether inputs from a single layer 4 neuron converge onto both fosGFP+ and fosGFP− neurons, and whether this changes during development. These data may help evaluate the hypothesis that competitive processes (vs molecularly specified connectivity) drive the wiring of neocortical circuits.
Sensory Deprivation and fosGFP Expression
What maintains fosGFP expression during sensory deprivation? This is an interesting question, since stronger synaptic input from layer 4 might be the primary source of increased activity that drives fosGFP expression. However, our previous work showed that fosGFP+ neurons also show greater connectivity to each other within layer 2/3 (Yassin et al. 2010) , suggesting that there may also be intralaminar networks that drive firing and IEG expression, independently of sensory input. We note that the specific stimulus that drives fosGFP expression in a given cell is not easy to determine, since it occurred in vivo, during normal behavior. Thus, our results simply correlate a well-accepted marker of neuronal activity with specific wiring differences between layer 4 and layer 2/3 in the cortical network.
Hallmarks of Plasticity in More Active Neurons are Absent Although experience-dependent plasticity has been well characterized at layer 4 to layer 2/3 inputs, we found no evidence for recent synaptic potentiation-such as an increase in the quantal amplitude of Sr-evoked EPSCs-in fosGFP+ neurons that might explain their stronger excitatory drive. This is surprising, since the post-synaptic addition of glutamate receptors is a well-characterized mechanism for synaptic strengthening at layer 4 to layer 2/3 synapses during this developmental time period (Clem and Barth 2006; Clem et al. 2008; Wen and Barth 2011) . Furthermore, most models of activitydependent synaptic plasticity predict that more active neurons should accumulate larger inputs via potentiation of existing inputs (Markram et al. 1997; Bi and Poo 1998) . Instead, the increased number of inputs may be a developmentally specified and persistent feature of this cell population.
Conversely, we found no evidence for synaptic depression in fosGFP− neurons-such as an increase in the PPR which has been characterized following experience-dependent plasticity at the layer 4 to layer 2/3 synapses in S1 (Bender et al. 2006 ). Although we cannot rule out other types of synaptic strengthening that might not be apparent by these traditional measures, our data are more consistent with a model by which fosGFP+ neurons recruit a greater number of inputs during construction of the layer 4 to layer 2/3 circuit in the second postnatal week.
During development in many systems, axonal inputs grow exuberantly into their target region and then are pruned by patterned activity by well-characterized synaptic plasticity mechanisms (reviewed by Waites et al. 2005) . If input strength between fosGFP+ and fosGFP− neurons is similar at the earliest stages of axonal connectivity from layer 4 to layer 2/3, asymmetric wiring might also be accomplished by selective synaptic removal to fosGFP− neurons, although this is typically associated with synaptic depression. Alternatively, molecular cues might direct the construction of specific circuits during the development of these inputs in the absence of direct plasticity.
Difference in Spike Timing Between fosGFP+ and fosGFP− Neurons
One implication of the current study is that fosGFP+ neurons may fire more synchronously during activation of the cortical column. This ensemble may be effective at driving specific downstream neurons in the cortex, propagating information transfer across multiple synapses (Salinas and Sejnowski 2001; Reyes 2003; Kumar et al. 2010) . Based upon the findings presented here, spiking of fosGFP+ neurons may differentially represent low-intensity stimuli, but it is also possible that they encode a separate stream of unidentified sensory information.
The reduced jitter of the spike output in fosGFP+ neurons may be important for spike-timing dependent plasticity, where in vitro analyses show that the specific time interval between the post-synaptic EPSC and spike over multiple stimulus presentations may be critical for encoding the sign of synaptic change (Bi and Poo 1998) . However, the lack of evidence for recent synaptic plasticity at putative layer 4 to layer 2/3 inputs suggests that under basal (home cage, resting) conditions, spike-timing dependent mechanisms are not differentially reconfiguring synaptic strength at fosGFP+ and fosGFP− cells.
The small but significant difference in spike timing may also facilitate the separation of this stream of information across later synapses. Studies in other systems have established that at least in some neocortical areas, millisecond timescale differences in firing can be behaviorally reported (Yang et al. 2008) . The difference in firing between fosGFP+ and fosGFP− neurons may thus retain stimulus information that is available for perception and decision making. Although sufficiently strong layer 4 extracellular stimulation could drive both fosGFP+ and fosGFP− neurons to fire, we note that this intensity may not be physiologically relevant. Future experiments using in vivo stimulation and recording will be required to determine whether these differences are relevant in the awake and behaving animal.
Functional Subcircuits of Layer 2/3 Neurons
Previous studies indicate that both the frequency and amplitude of miniature EPSCs and IPSCs, measured under conditions where neuronal firing in the slice is blocked using the sodium channel antagonist TTX, are identical between fosGFP+ and fosGFP− neurons (Yassin et al. 2010) . Thus, if fosGFP+ neurons receive a greater number of inputs from layer 4, this must be balanced by a reduced number of inputs from some other source. Although the source of other inputs that differentially wire to fosGFP+ and fosGFP− neurons remains unknown, these data are consistent with the possibility that these two cell types may participate in different cortical subcircuits. Although the presence of interdigitated cortical subcircuits has been described in other neocortical layers (specifically, layer 5; Song et al. 2005; Perin et al. 2011) , this phenomenon has not been well characterized in layer 2/3.
Previous studies, including ones from our laboratory, have suggested that there are other embedded subnetworks of neocortical neurons-both inhibitory and excitatory-that may be molecularly defined (Hestrin and Galarreta 2005; Yoshimura et al. 2005; Brown and Hestrin 2009; Yassin et al. 2010; Otsuka and Kawaguchi 2011) . However, the function of these subnetworks, especially with regard to what they may encode, has not been determined. Understanding the response properties and information transformations that occur in different cortical subcircuits is a major goal in contemporary neuroscience.
Conclusion
The data presented here show that response heterogeneity in the cortex can be determined by significant differences in both excitatory and inhibitory circuit properties that are established by the second and third postnatal weeks. These studies suggest that specific groups of layer 2/3 neurons, marked by activity history and IEG expression, may more robustly respond to peripheral stimulation. Identification of a cell subpopulation with differential firing output will facilitate analysis into the cellular and molecular mechanisms that are critical for sparse encoding of sensory information in neocortical circuits.
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